At present the mooring technology of turret moored tankers is challenged as exploration activities for oil and gas move into deep and ultra-deep water and more hostile environments. The more hostile environment concerns the Atlantic Frontiers and the typhoon prone areas. For the field development in these water depths and under these weather conditions, the availability of a cost effective mooring system can be an important factor in determining economie success. The approach for developing fields in the mentioned areas has typically relied upon the adaption of mooring technology developed for shallower water depth applications.
Introduction
"* The theoretical approach to mooring problems has been advanced considerably in the last decades. In 1971 theoretical knowledge of mooring systems did hardly exist. With the establishment of the 3-D diffraction theory in 1976, see Ref. 1 , computations of the transfer functions of first order tanker motions with a high reliability could be carried out. Based on this program it became also possible to compute accurately the matrices of the quadratic transfer functions of the second order wave drift forces in 1980, see Ref. 2 .
In order to compute the low frequency (l.f.) tanker motions in the horizontal plane, the speed dependent wave drift forces and the required quadratic transfer function of the wave drift damping were necessary. The computations with a tanker with forward speed in head waves were carried out with a reasonable degree of accuracy in 1988, see Ref. 3 . Furthermore the procedure to determine experimentally the l.f. hydrodynamic viscous reaction forces and moment in the horizontal plane were also established in 1988, see Ref. 3 . The CFD code to compute the quadratic transfer function of the wave drift forces with forward speed with current and waves coming from arbitrary direction were completed in 1996, see Ref. 4 .
Besides the l.f. hydrodynamic viscous and wave drift damping forces as acting on the tanker huil also an important part of the system damping is introduced by the mooring line dynamics, see Ref. 5 . With the development of the theoretical model for line dynamics in 1985, see Ref. 6 , it was possible to show the importance of the low frequency damping induced by the line dynamics, see Ref. 7 . In order to compute the behaviour of F(P)SO systems all mentioned codes and tools were incorporated in a time domain computer program named Dynfloat. Pre-studies with the program in the development stage were reported in Ref. 8 and 9. OTC 8272
Description of the Numerical Design Tool
The computer program Dynfloat determines the fully integrated dynamics of a tanker based floating (production) storage offloading system for deeper water. The program has been developed as a Joint Industry Program (J1P). The project was joined by seven companies in the field of the design, contracting, operation and building of FPSOs. The program computes in the time domain the dynamic forces of all mooring legs and couples these forces with the tanker. In this way the mooring line damping forces are implicit in the equations of motion. The computation procedure is given in the diagram of Fig. 1 .
The results of the program are the time registrations and the statistical analysis of the mooring line forces, turret loading, possible riser forces and tanker motions.
In the following the description will be given of the mooring systerns, the wave frequency motions and wave drift forces/moment and l.f. hydrodynamic viscous reaction forces and moment to be applied lo the program.
^fcoring. In Fig. 2 examples of deep water mooring systems are shown. The legs of the conventional mooring system may mainly consist of a combination of lengths of steel wires and chains (combi-lines). In order to prevent a high vertical pretension at the turret at deep water the mooring legs can be provided of spring buoys. An additional advantage is the creation of room for risers. Nowadays also mooring legs may consist of taut synthetic wires (buoyancy neutral) and may create the same advantages as mentioned for the spring buoy system. The legs (incl. possible clumps and spring buoys) can be composed using database options on the mooring line materials. The corresponding hydrodynamic reaction coefficients C ]N , C [T , C DN and C DT have to be selected separately. Also friction coefficients between the legs and the seabed being C FN and Cpp can be applied. Finally the mooring system is subjected to the different options for specifying the fairlead, anchors and seabed inclination.
By means of graphical checks the lay-out of the mooring ^«ngement (top view/side view) incl. turret mooring fairleads can be judged.
Wave frequency tankermotions and wave drift forces/moment The transfer functions of the tanker motions, the quadratic transfer function of the wave drift damping and the matrices of the quadratic transfer functions of the wave drift forces are pre-calculated and stored in 60 files. Each file covers one specific tanker in a specific condition. The available wave directions are 180, 165, 150, 135, 120, 90, 60, 30 , 15 and 0 degrees. The drafts of the tankers concern 100, 70 and 40% of the fully loaded draft. Further the data for the following ratio water depth/fully loaded draft are available: 20, 5, 3, 1.5, 1. By means of the synthetic wave train as derived from the wave spectrum or a measured wave train read-in by an external file, the wave frequency motions and the wave drift forces/moment with or without current (including wave drift damping) are computed in the time-domain for all mentioned wave directions and stored for the actual simulations. During the simulation a linear interpolation as function of the tanker heading with regard to the wave direction will be carried out on these results.
Low frequency hydrodynamic viscous reaction forces and moment. The wave induced first order tanker motions, the wave drift forces and the wave drift damping forces can be computed by CFD codes. For the l.f. hydrodynamic viscous reaction forces and moment in surge, sway and yaw direction no CFD codes exist giving adequate results. The l.f. hydrodynamic viscous reaction forces and moment have to be determined ex peri mental ly. For tankers with different L/B, B/T ratio's, water depth to draft ratio's and loading conditions, the IJ", (non-linear) dynamic resistance force and moment coefficients have been determined by means of model tests. The coefficients were determined in both still water and current fields.
For the determination of the coefficients use is made of a l.f. large stroke oscillator. The oscillator is mounted to a carriage. By towing a current field is simulated. The tanker is connected to the oscillator by means of three force transducers. In this test set-up the tanker stays free to roll, pitch and heave. The oscillator can perform pre-adjusted l.f. amplitudes and periods in one of the three modes of motion or by combining the motions in two directions. By means of the measurements the (non-linear) dynamic l.f. hydrodynamic viscous reaction forces and moment coefficients can be deducted. The results are stored in data bases in a non-dimensional form. For a description of the test procedure and data analysis reference can be made to Ref. 3 .
Combined Metocean Parameters
The F(P)SO system may be exposed to irregular waves, wind and current. The particulars of wave, wind and current can be chosen.
Waves. The irregular waves may consist of both wind waves and swell of arbitrary spectral form and direction.
Wind and current For the wind a constant wind speed combined with a windspectrum may be applied. For the current the arbitrary vertical current profile, a time dependent current profile or a time tracé concerning current speed and direction (manual read-in or by means of an external file) can be used.
For the computation of the wind and current loads use is made of the resistance coefficients as given by OCIMF, see Ref. 10 . The coefficients are incorporated in a data base. Other resistance coefficients incl. process equipment on deck can be manually read-in.
Validation
In this paper an example of the results of the validation study is shown. The validation concerns a partly loaded 200 kDWT tanker moored by means of an internal turret system in 350 m water depth. The mooring system consists of ten radially spaced combi-lines. The system was exposed to a survival sea state in combination with collinearly directed current and wind.
For the computations use was made of pre-computed transfers functions of the wave frequency motions, the wave drift forces and the wave drift damping and read-in by an external file into the program. The transfer functions were applied to the wave train as adjusted in the basin. The wave ^B has a length of 3 hours full scale.
wind was generaled by means of a battery of wind fans. The adjusted wind force as applied during the model tests was used in the computation. For the total wind force the relative wind velocity concept was applied (to incorporate the wind damping).
For the tanker huil the low frequency hydrodynamic viscous reaction forces were applied as given in the database of the program (no additional surge damping was applied).
Due to the relative motions of the steel wires and chains in waves and current hydrodynamic reaction forces are introduced. For the hydrodynamic resistance coefficients of both the chain and steel wires the following values were used: C !N = 1.6, C IT = 1.2, C DN = 1.3 and C DT = 0.4.
The statistical results of the model tests and the computations are given in Table 1 . From the results it can be concluded that a good agreement is achieved.
Deep Water Mooring Systems -^Bn example computations were carried out for a F(P)SO to study the effects of both different weather parameters and water depths on the overall behaviour of the mooring systems. The systems were with and without spring buoys. The water depths chosen were 400 m and 1200 m. An 200 kDWT tanker was applied in both loaded and ballasted condition.
Extreme metocean parameters. To both water depths 5 survival weather conditions consisting of collinearly directed irregular waves, wind and current were applied. A review of the weather conditions are given in Table 2 . In the survival sea states No. I, II and III all parameters were kept constant except for the peak period of the Jonswap spectra. For lower sea states IV and V all parameters of the weather conditions were changed.
Tanker and mooring systems. The tanker concerns a loaded and ballasted 200 kDWT tanker. The particulars are given in Table 3 . The mooring systems were connected to an internal turret systems. The particulars of the turret are given in Table  4 . The mooring systems consist of conventional 10-leg configurations with and without spring buoys. For the mooring legs with spring buoys in each leg one spherical buoy was atlached to the mooring leg. The global lay-out of the mooring system is presented in Fig. 3 . The particulars of the mooring legs and spring buoys are given in Table 4 . The static loaddisplacement curve (pulled over line no. 6) of the four mooring systems are given in the Figs. 4 and 5 .
For the hydrodynamic reaction coefficients of the steel wires and chains, the same coefficients were used as given in the validation study. For the resistance coefficients of the spherical buoy the following coefficients were used: C IN = 1. 
Discussion of Results
As shown in the Figs. 4 and 5 the stiffness of the mooring systems decrease considerably with increasing water depth. Because of the decreased pre-tension (50%) at the turret in case of spring buoys the systems become even softer.
In terms of percentages of the water depth the computed maximum surge motions for the loaded tanker without and with buoy respectively and for the weather conditions I, II, II IV and V are given below: 1200 m water depth: I: 9-10%, II: 9-12%, III: 13-16%, IV:16-19%, V: 8-10% 400 m water depth: 1:15-16%, II: 14-15%, III: 16-21%, IV:20-25%, V: 10-14%. From the results it can be concluded that for the 400 m water depth the riser displacement freedom will be more restricted than for deep water.
For the survival sea states I, II and III it can be concluded that for all cases the mooring loads and surge motions increase at decreasing wave periods. The reason for the increase is the shift of the wave spectra into the transfer function of the velocity dependent wave drift forces. In spite of the decreased significant wave height, current and wind speed in weather OTC 8272 condition IV the highest values of the surge motions and mooring loads occur with respect to the survival sea states I, II and III. The reason is Ihat with a peak period of the Jonswap spectrum of 12 seconds, the spectrum covers completely the maximum values of the transfer function of the wave drift force (Vc = 1.0 m/s) resulting in a high values of the wave drift force spectrum. The wave spectrum of weather condition IV must be considered as an extreme low peak period for such a storm wave spectrum (Hs = 13 m).
The ratio of the maximum dynamic force (computed) and the static maximum force (static load) in line No.1 at the same maximum surge motion is called the dynamic factor. All results are given incl. pre-tension. For the loaded tanker in the survival wave spectrum with the varied peak periods for both the 1200 and 400 m water depth respectively the dynamic factor nas been determined and given below: By the application of spring buoys it can be concluded that the mooring line loads at the turret are considerably reduced. In the survivals I, II, III reduction in maximum line force for the loaded tanker with respect to the maximum line load without spring buoy amounts to 25, 26, 15 % respectively in 1200 m water depth. Comparing the dynamic factors in 1200 m water depth as given above it can be concluded that by applying the spring buoys even the dynamics are slightly reduced.
By application of spring buoys in 400 m water depth the reduction in the maximum line loads are smaller (10%, 11% and 2% respectively).
Due to the static weight and the higher inertia of the 10 lines without buoys in the 1200 m water depth the dynamic vertical forces acting on the turret are considerably higher than for the case in 400 m water depth. The application of spring buoys, j^fcever, reduces the vertical turret loads considerably.
In general it can be concluded that the tanker motions and the mooring loads are of the same order of magnitude in ballast and loaded condition. The deviations occur due to the increase of the wind loads and the different transfer functions associated with the loading condition.
Conclusions
1. To improve the understanding of and the insight in the reliability and integrity in the application in the deep water mooring systems, numerical design tools can be used.
2. The numerical design can be used to optimize the system and to enhance the safety of the design by applying numerous combinations of extreme weather conditions in order to discern the most severe weather condition.
3. Computations are carried out with a conventional mooring system with and without spring buoys in 400 and 1200 m water depth. Some of the findings were: -at increasing water depth the stiffness of the mooring system may decrease considerably, -at increasing water depth the dynamic line factor may increase considerably, -application of spring buoys reduce the vertical turret loads considerably, -in survival condition the period sensitivity of the spectrum on the surge motions and mooring forces have to be analysed. Table 2 -Review combined metocean parameters applied to loaded and balasted tanker 
